Abstract-In this letter, a novel correlation technique based on matched filtering using four wave mixing with possible remote transmission is proposed. A pump wavelength, which is modulated by an input bit pattern is mixed with wavelength channels in a highly nonlinear fiber to generate idler wavelengths, which also carry the bit stream. Specific idler wavelengths are selected using software control of an optical processor to generate the reference template. These idlers are then differentially delayed and summed at a photodetector to produce the required correlation function. This scheme has been experimentally demonstrated and the measured results verify the proposed concept.
I. INTRODUCTION
M ICROWAVE photonics has been used to successfully realize a range of RF processing tasks including filtering [1] - [3] , phase shifting [4] , and frequency up and down conversion [1] - [4] . In this letter we propose, for the first time, a matched filter based pattern recognition or correlation technique where the template library signal can be software controlled for the ease of operation and the signal processing can be done in a remote location from the transmitter.
Correlation, or more generally speaking, finding the similarity between two signals, is a core signal processing technique used in many applications such as radar, radio astronomy and high-energy physics [5] . The process of correlation involves delaying one signal with respect to the other, multiplication of the two signals and integration. The correlation of two continuous complex signals S 1 (t) and S 2 (t) is given by r (τ ) = S 1 (t) * S 2 (t) = lim
In Equation (1), τ is the lag or delay between the signals. The number of lags is an important feature defining the resolution capabilities of a correlator. However, the incurred execution time or time complexity for wideband correlation is a challenge using electronic processing because of bandwidth Manuscript In [6] , a pattern recognition technique based on a matched filter was presented in which the reference or template bit pattern is encoded as discrete optical wavelengths. These wavelengths are each modulated by the input bit pattern and then differentially delayed in a dispersive medium before they are summed and detected with a high frequency photodetector.
Correlation of the binary input signal and the encoded reference bit pattern is obtained at the photodetector output. A key problem with this technique is that all the photonic processing is done near the source of the input bit pattern whereas in a practical system it may desirable to isolate the signal processing from the source of the input signal. Also, for this technique a new reference bit pattern requires a new template which is selected by physically turning lasers on and off, which has obvious disadvantages.
A different correlation technique based on nonlinear mixing was proposed in [7] ; however the template was also selected by physically turning laser diodes on or off. In this letter, we propose a nonlinear mixing based correlation scheme where the template is selected using software control of an optical processor. Because of this, changing and controlling the template can be done from a remote location. The proposed correlation scheme uses four wave mixing (FWM) in a length of highly nonlinear fiber (HNLF) to mix template wavelengths with a pump wavelength which has been modulated by an input bit stream in order to produce copies of the input signal at the output idler wavelengths. The technique allows the possibility of a remote transmitter. The performance criterion of such system is also discussed in this letter.
The letter is organized as follows. Section II explains the principle of operation. Section III describes the experimental set-up and Section IV presents the system characterization. Section V presents and discusses the experimental results. A conclusion is given in Section VI. Fig. 1 shows a schematic of the correlation system presented in [6] in which a reference bit pattern is encoded using discrete optical wavelengths. The reference bit pattern is inverted in time and '1's and '0's are represented by the presence and absence of optical wavelengths respectively.
II. PRINCIPLE OF OPERATION
These wavelengths are each modulated by a binary input signal bit pattern using a Mach-Zehnder Modulator (MZM). The wavelengths are then differentially delayed using dispersion in a length of single-mode fiber. The wavelengths and 1041-1135 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Illustration of the working principle of the correlation scheme demonstrated in [6] . the dispersion are selected such that after the dispersive delay, the wavelength channels separate in time according to the bit position they represent. The wavelengths are then summed on a high frequency photodetector (PD) which produces the desired correlation function.
In the system proposed here, seen in Fig. 2 , a pump wavelength is first modulated by the input bit stream, possibly at a remote location, and then mixed with a number of wavelengths in a length of HNLF. The number of wavelengths used equals the number of bits in the input bit pattern. FWM in the HNLF creates numerous idler wavelengths, each with a copy of the input bit pattern.
The reference bit pattern or template is determined by selecting particular idler wavelengths generated by the FWM process using a software controlled optical processor. These idler wavelengths are differentially delayed with delays corresponding to multiples of a bit period and then summed at a photodetector to provide the correlation function. The advantage of this technique allows the pump wavelength to be modulated with the signal and transmitted from a remote location for correlation. Instead of selecting the reference template by turning lasers on or off, all the lasers at the receiver are kept on.
III. EXPERIMENTAL SETUP
The experimental set-up for the proposed system is shown in Fig. 3 . At the transmitter, the pump wavelength λ 5 (1546.95nm) is modulated by the input bit pattern using a MZM. In this experiment the bit pattern is 4 bits long and was chosen to be 1011 with a bit duration of 10ns (bit rate = 100Mb/s). The input bit stream originates from a Programmable Pattern Generator. The modulated pump wavelength is then transmitted to the receiver end using polarization maintenance (PM) fibre. All the equipment used in transmitter and receiver end are PM equipment, which includes fibres, couplers, AWG, MZM, Waveshaper etc. This is to ensure that polarization is maintained and should not have much impact on the final output.
At the receiver, four CW lasers with wavelengths λ 1 − λ 4 are used to represent the number of bits in the pattern. The modulated pump wavelength is amplified using an EDFA and then combined with the CW wavelengths using an AWG. The five wavelengths then pass to a 1km length of highly nonlinear fibre. The pump wavelength is amplified to ensure that it has a higher power than that of the other wavelengths for efficient FWM wavelength conversion.
The wavelengths of the four CW lasers are selected to be 1549.41 nm (λ 4 ), 1550.2 nm (λ 3 ), 1551.84 nm (λ 2 ) and 1553.63 nm (λ 1 ). The template was chosen to be a 4 bit long binary word of 1101 (inverted representation of the desired signal). The optical power of each of these wavelengths at the input of the HNLF is 8 dBm and the power of the modulated pump is 16 dBm.
The HNLF used here is a 1km length of standard PM-HNLF from OFS [8] . FWM in the HNLF generates numerous idler wavelengths of which 1540.7nm (λ 1 '), 1542.9nm (λ 2 '), 1543.7nm (λ 3 ') and 1544.5nm (λ 4 ') are the idlers of interest. These idler wavelengths each contain a copy of the input bit pattern (Fig. 3 [iv] ). After mixing in the HNLF, all the mixing products pass through an optical filter to remove the high power pump and the original laser wavelengths. The filter is a low pass filter with a cut-off wavelength at 1545.4nm. The pump and the original wavelength channels are attenuated significantly and the idlers pass through. The output of the filter consists of the required idler wavelengths with a few other low power unwanted idlers.
All these idler wavelengths are amplified and are then input to an optical processor (Finisar Waveshaper 4000s) which is programmed to only pass the idler wavelengths which represent the reference bit pattern, in this case λ 1 ', λ 3 ' and λ 4 '.
These wavelengths are then input to a delay network formed by lengths of fibre patch cord. A fibre delay network was used instead of using the dispersion in a length of single-mode fibre because for the low bit rate used, a delay of one-bit period would require a length of ∼600km. The differential delay between each output port of the Waveshaper was adjusted to a 1 bit duration ( t = 10ns, equivalent to the time delay in a 2m long fibre patch cord). λ 4 ' is forwarded to port 1 with zero relative delay, λ 3 ' is forwarded to port 2 with a 1 bit delay and λ 1 ' is forwarded to port 4 with a 3 bit delay. The outputs of the different ports are then combined using 3 dB couplers and the combined optical signal is detected using a photodetector.
IV. CHARACTERIZATION
The system was characterized by measuring the optical signal at different stages using an OSA. The differential delay between wavelengths was measured by observing the photodetector output with an oscilloscope. Fig. 4(a) shows the pump and the CW wavelengths at the input of the HNLF. The pump power is 8 dB higher than that of the other wavelengths. Fig. 4(b) shows the mixing products at the output of the HNLF. All the input wavelengths, the pump and many mixing products are present in the spectrum. The pump and the input wavelengths have much higher power than the required idler wavelengths. A low pass filter is employed to eliminate these high power wavelengths. Fig. 4(c) shows the output of this filter. The pump and the original wavelengths are attenuated significantly and only the required idlers with several other low power unwanted idlers remain in the spectrum. Fig. 4(d) shows the desired idler wavelengths λ 1 ', λ 3 ' and λ 4 ' measured at the input to the photodetector. The power of each of these wavelengths was adjusted by the Waveshaper to be equal.
After the Waveshaper, the idler wavelengths shown in Fig. 4(d) are differentially delayed using fiber patch cords connected to different output ports of the Waveshaper. Fig. 5(a)-(c) show the measured photodetector output when each of the wavelengths is individually delayed and incident on the photodetector. The measured results show the expected relative time delays.
V. RESULTS AND DISCUSSION
Having characterized the system and showed that it performs as expected, we now demonstrate the correlation. In Fig. 6 , the thick solid line shows the measured correlation function at the photodetector output when all three idler wavelengths are present and the input bit pattern (1011) matches the reference bit pattern. When there is a match between the input bit pattern and the reference bit pattern, a correlation peak occurs at the middle of the correlation function, which is at the end of the original bit pattern. The height of the measured correlation peak is equal to the height of a '1' detected for each wavelength (0.6 V) multiplied by the number of '1's in the template, which in this case is 3 (3 × 0.6 V = 1.8V).
The dotted plots in Fig. 6 show the measured correlation functions for all possible mismatched conditions. The height of the correlation peak is smaller than that for the matched case. The maximum output for a mismatched signal is 2 × 0.6 = 1.2 V. The results achieved here are similar to those obtained using the scheme in [6] .
Although the proposed concept has been demonstrated here using only a 4 bit pattern, it is important to note that the technique is scalable to larger bit patterns. Scalability depends on a number of factors. Firstly, it depends on the number of idler wavelengths which can be efficiently generated and filtered using four wave mixing. Efficient four wave mixing requires HNLF with low dispersion. The HNLF used here exhibits low dispersion (−0.19 ps/km.nm) over the wavelength range 1540-1560nm. This determines the range of possible signal wavelengths. The wavelength spacing in this range depends on the resolution of the filter used to filter out the idler wavelengths. Assuming a filter resolution of 20GHz, an upper limit on the number of possible wavelengths in this 20nm range, and therefore the number of signal bits, is 125.
In the letter reported here, the 4 bits was a limitation of the number of output ports on the Waveshaper which was used to filter out the idler wavelengths, each representing a bit. A multiport Waveshaper would enable the filtering of more wavelengths, allowing more bits in the bit pattern.
A second issue to note is that although a fiber delay network was used here, this is not necessary. A simple dispersive medium could be used to achieve the required wavelength dependent time delays. Unfortunately, the concept was demonstrated with a bit rate of only 100 Mb/s due to the unavailability of a high speed pattern generator. In this case it was easier to use a fibre delay network instead of a dispersive fibre to achieve the large time delays corresponding to multiples of a bit period. At higher bit rates than that used here, single-mode fiber could be used as a dispersive medium to achieve the required time delays for the idler wavelengths, as in [6] . Generating a several bit delay would be easier and with much less insertion loss than using the fiber delay network which was used here.
The required time delay increases as the number of bits increases. For N bits, a maximum time delay of (N − 1)× the bit duration is required. At 40Gb/s, the bit duration is 25ps. For a 16 bit pattern, a maximum delay of 375 ps is required. Assuming wavelength spacings of 0.8nm, a length of 1.8km of SMF could be used to achieve the delays.
Another factor which can limit the scalability of this scheme, as well as that demonstrated in [6] , is the visibility of the correlation peak for the matched case, i.e. how different is the correlation peak for the matched signal from the maximum output for a mismatched signal. Since the output of the photodetector is due to the summation of several optical signals at different wavelengths, and each wavelength produces a signal current plus a noise current, successful detection of the matched case depends on the signal current produced by each '1' as well as the noise current produced by each wavelength.
For the matched case, the maximum value of the output signal will be due to the number of '1's in the signal (N), whereas the maximum output for a mismatched case will be proportional to (N−1) times the output for each '1', as seen in Fig. 6 . The maximum output current when N wavelengths are incident on the photodetector will include N noise currents, whereas the maximum output for a mismatched case will include (N − 1) noise currents. Using the concept of the quality factor or Q factor which is a figure of merit commonly used in digital optical fiber systems, where the Q factor is defined as the difference between the average levels of '1's and '0's divided by the sum of their standard deviations due to the noise, it can be shown that the Q factor for the detected signal in the matched case will be proportional to (2N−1) −1 . Therefore, for this correlation technique, the visibility of the matched case decreases as the number of '1's in the reference bit pattern increases.
VI. CONCLUSION
A novel photonic correlation technique based on matched filtering using FWM has been proposed and demonstrated. Contrary to the systems in [6] and [7] , the scheme proposed here will allow the use of a remote transmitter and selection of the reference template using software control. Future letter will include modification of the system to enable correlation of analogue signals which involves the accumulation of negative signals.
